Transforming growth factor-b (TGF-b) 1 plays a critical role in regulating follicular development, and its dysregulation has been shown to be involved in the pathogenesis of ovulation dysfunction. SNAIL is a well-known transcriptional repressor that mediates TGF-b1-induced cellular functions. Pentraxin 3 (PTX3) is a key enzyme for the assembly and stabilization of the cumulus oophorus extracellular matrix, which is essential for cumulus expansion during the periovulatory stage. The purpose of the present study was to investigate the roles of TGF-b1 and SNAIL in the regulation of PTX3 expression and to examine the underlying mechanism. An established immortalized human granulosa cell (GC) line (SVOG), a GC tumor cell line (KGN), and primary human granulosa-lutein cells were used as study models. We demonstrated that TGF-b1 treatment substantially decreased the messenger RNA and protein levels of PTX3. This suppressive effect was abolished by cotreatment with the soluble TGF-b type II receptor (TbRII) or the ALK4/5/7 inhibitor SB431542. Knockdown of ALK5, SMAD2/3, or SMAD4 reversed the effects of TGF-b1-induced SNAIL upregulation and PTX3 suppression. These results indicate that TGF-b1 upregulates SNAIL and downregulates PTX3 expression via a TbRII-ALK5-mediated SMAD-dependent signaling pathway in human GCs. Additionally, TGF-b1-induced PTX3 suppression was mediated by upregulation of the SNAIL transcription factor, as knockdown of SNAIL completely reversed the suppression of PTX3 in response to TGF-b1. These findings could inform the roles of TGF-b1 and SNAIL in the regulation of follicular function and might provide therapeutic targets for the treatment of ovulation dysfunction. (Endocrinology 159: 1644(Endocrinology 159: -1657(Endocrinology 159: , 2018 P entraxin 3 (PTX3) is a prototype of the long pentraxin family produced by diverse cell types and tissues, including human granulosa cells (GCs) (1-3). This long pentraxin is involved in the regulation of a variety of cellular functions, including cell proliferation, angiogenesis, migration, and invasion. Additionally, PTX3 plays a critical role in female fertility by modulating the formation and stabilization of cumulus expansion (4). Depletion of PTX3 in mice results in a phenotype of disturbed cumulus oophorus complex associated with unstable extracellular matrix, which results in a severe defect in female fertility (4, 5). The expression of PTX3 in cumulus cells is closely correlated with both the quality and fertilization rate of the corresponding oocytes (6). Taken together, these studies suggest that dysregulated PTX3 might be involved in the pathogenesis of ovulation dysfunction.
P entraxin 3 (PTX3) is a prototype of the long pentraxin family produced by diverse cell types and tissues, including human granulosa cells (GCs) (1) (2) (3) . This long pentraxin is involved in the regulation of a variety of cellular functions, including cell proliferation, angiogenesis, migration, and invasion. Additionally, PTX3 plays a critical role in female fertility by modulating the formation and stabilization of cumulus expansion (4) . Depletion of PTX3 in mice results in a phenotype of disturbed cumulus oophorus complex associated with unstable extracellular matrix, which results in a severe defect in female fertility (4, 5) . The expression of PTX3 in cumulus cells is closely correlated with both the quality and fertilization rate of the corresponding oocytes (6) . Taken together, these studies suggest that dysregulated PTX3 might be involved in the pathogenesis of ovulation dysfunction.
Transforming growth factors-b (TGFs-b) are multifunctional polypeptides that belong to the TGF-b superfamily. At present, three TGF-b isoforms (TGF-b1, TGF-b2, and TGF-b3) have been identified in humans (7) . Previous studies have shown that TGF-b1 and its functional receptors are expressed in human ovarian tissues (8, 9) . In many cell types, TGF-b1 initiates its cellular action by binding to the TGF-b type II receptor (TbRII) and then recruiting the TGF-b type I receptor (TbRI). The binding of a ligand to these receptors leads to activation and phosphorylation of the downstream molecules SMAD2/3. In association with SMAD4, phosphorylated SMAD2/3 then translocate to the nucleus and regulate the expression of target genes. TGF-b1 acts through this SMAD-dependent signaling pathway to modulate numerous biological and pathological processes, including ovarian function (10, 11) .
SNAIL and SLUG belong to the SNAIL superfamily of zinc-finger-type transcription factors that regulate mesoderm formation, cell survival, and cell division (12) . Additionally, SNAIL and SLUG are important epithelialto-mesenchymal transition mediators that have been reported to be overexpressed in gynecological cancers (13) . Although the spatial distribution and function of SNAIL and SLUG have been investigated in embryogenesis and organogenesis (14, 15) , little is known about the roles of these two transcription factors in regulating human ovarian function. In mice, both SNAIL and SLUG are expressed in epithelial cells, oocytes, follicle cells, and the corpus luteum, indicating that they might play critical roles during follicular development, luteinization, and early embryonic development (16) .
Women with polycystic ovary syndrome (PCOS) frequently encounter ovulation dysfunction and poor fertilization rates of retrieved oocytes during in vitro fertilization treatment (17) . Although the pathophysiology of PCOS is still not well-characterized, emerging evidence has suggested a possible role for dysregulation of TGF-b1 in this endocrine disease (18) (19) (20) (21) . In particular, PCOS ovaries display all the characteristics of TGF-b hyperactivity, such as increases in vascularity and deposition of collagen at the stroma and theca (22) . Genetic analysis studies have shown that TGF-b dysregulation caused by a mutation of fibrillin-3 is associated with increased insulin resistance and PCOS (23, 24) . Moreover, TGF-b1 bioavailability is increased in women with PCOS owing to an increase in serum TGF-b1 levels (20, 21) . Collectively, these studies led us to propose a functional role of TGF-b1 in downregulating the expression of PTX3 in human cumulus/GCs and inhibiting the formation of cumulus expansion. Similarly, in normal biological situations, GC-secreted TGF-b1 might act as an inhibitor of cumulus expansion, maintaining the cumulus oophorus in meiotic arrest before ovulation. To test this hypothesis, we investigated the effects of TGF-b1 on the expression of PTX3 to uncover the underlying molecular mechanisms in human GCs.
Materials and Methods
Immortalized human GC (SVOG cell) and granulosa tumor cell (KGN cell) culture
In the present study, we used a nontumorigenic immortalized human GC line (SVOG) previously produced by transfecting primary human granulosa-lutein cells with the SV40 large T antigen and a GC tumor-derived cell line (KGN) (25) . These two cell lines have been recently used as cell models to study human ovarian physiology and pathology in several studies (26) (27) (28) (29) (30) . SVOG and KGN cells were seeded at a density of 5 3 10 5 cells per well in six-well plates and were cultured in Dulbecco's modified Eagle medium/nutrient mixture F-12 Ham (SigmaAldrich, Oakville, ON) supplemented with 10% charcoal/ dextran-treated fetal bovine serum (HyClone, Logan, UT), 100 U/mL penicillin (Invitrogen, Life Technologies, Grand Island, NY), 100 mg/mL streptomycin sulfate (Invitrogen), and 13 GlutaMAX (Invitrogen) in a humidified atmosphere containing 5% carbon dioxide at 37°C. The culture medium was changed every 48 hours for all experiments, and cells were starved in serum-free medium for 24 hours before treatment. For concentration-dependent studies, different concentrations (1, 5, or 10 ng/mL) of TGF-b1 were used to treat the cells for 24 hours. For the time-course studies, the cells were treated with 10 ng/mL TGF-b1 for 1, 3, 6, 12, or 24 hours. After specific treatment, cells were harvested for examining messenger RNA (mRNA) and protein levels using reverse transcription quantitative polymerase chain reaction (RT-qPCR) and western blot analysis, respectively. Culture medium was collected for to examine the secreted PTX3 using an enzyme immunoassay.
Preparation and culture of primary human granulosa-lutein cells
Primary human granulosa-lutein (hGL) cells were obtained with informed patient consent after approval from the University of British Columbia Research Ethics Board. The samples were anonymized immediately after collection. The controlled ovarian stimulation protocol for patients undergoing in vitro fertilization consisted of either luteal-phase nafarelin acetate (Synarel; Pfizer, Kirkland, QC, Canada) or follicular phase gonadotropin-releasing hormone antagonist (Ganirelix; Merck Canada), acting by competitively blocking the gonadotropinreleasing hormone receptors on the pituitary gonadotroph and subsequent transduction pathway. Gonadotropin stimulation began on menstrual cycle day 2 with human menopausal gonadotropin (Menopur; Ferring Canada) and recombinant follicle-stimulating hormone (Puregon; Merck Canada), followed by human chorionic gonadotropin administration 34 to 36 hours before oocyte retrieval, dependent on the follicle size. hGL cells were purified by density centrifugation from follicular aspirates collected from women undergoing oocyte retrieval as previously described (31) .
Antibodies and reagents
Anti-SMAD2, anti-phospho-SMAD2, anti-SMAD3, antiphospho-SMAD3, anti-SMAD4, anti-SNAIL, and anti-SLUG antibodies were obtained from Cell Signaling Technology (Beverly, MA). Anti-a-tubulin (sc-23948) antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA (forward) and 5 0 -GACAAGCTTCC CGTTCTCAG-3 0 (reverse). Alternatively, TaqMan gene expression assays for PTX3 (Hs00173615_m1), ACVR1B (ALK4, Hs00244715_m1), TbRI (ALK5, Hs00610320_m1), and GAPDH (Hs02758991_g1) (Applied Biosystems) were performed in triplicate on corresponding cDNA samples. For each 20-mL TaqMan reaction, 100 ng of cDNA was mixed with 10 mL of 23 TaqMan gene expression master mix (Applied Biosystems) and 1 mL of 203 TaqMan gene expression probe. RT-qPCR was performed using an Applied Biosystems 7300 Real-Time PCR System. Relative quantification of the mRNA levels was performed with different cultures, and each sample was assayed in triplicate. Mean values were used to determine the mRNA levels using the comparative Ct (2 -DDCt ) method, with GAPDH as the internal control gene.
Western blot analysis
After treatment, the cells were thoroughly washed with cold phosphate-buffered saline and lysed in lysis buffer (Cell Signaling Technology) containing protease inhibitor cocktail (Sigma-Aldrich). The extracts were centrifuged at 20,000g for 15 minutes at 4°C to remove undissolved cellular debris, and protein concentrations were quantified using the DC Protein Assay (Bio-Rad Laboratories). Equal amounts of protein (30 mg) were loaded and separated by 12% Tris-glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. The membranes were blocked for 2 hours in Tris-buffered saline containing 0.05% Tween-20 and 5% nonfat milk and incubated overnight at 4°C with the relevant primary antibodies. After washing, the membranes were incubated with horseradish peroxidaseconjugated secondary antibodies for 1 hour at room temperature. Immunoreactive bands were detected using enhanced chemiluminescence reagents or a Super Signal West Femto Chemiluminescence Substrate (Pierce, Rockford, IL), followed by exposure to CL-XPosure film (Thermo Fisher Scientific, Waltham, MA). The membranes were stripped with stripping buffer (50 mM Tris-HCl [pH 7.6], 10 mmol/L b-mercaptoethanol, and 1% sodium dodecyl sulfate) at 50°C for 30 minutes and reprobed with mouse anti-a-tubulin antibody as a loading control. The films were scanned using Scion imaging software (Scion Corp., Frederick, MD).
Small interfering RNA transfection
Transient knockdown assays were performed with ON-TARGET plus nontargeting control pool small interfering RNA (siRNA) or ON-TARGET plus SMART pools targeting ALK4, ALK5, SNAIL, SMAD2, SMAD3, or SMAD4 (Dharmacon; GE Healthcare Life Sciences, Lafayette, CO). The cells were precultured to 50% confluence in antibiotic-free Dulbecco's modified Eagle/F12 medium containing 10% charcoal/dextrantreated fetal bovine serum and then transfected with 25 nM siRNA using Lipofectamine RNAi MAX in Opti-MEM (Life Technologies) according to the manufacturer's instructions. The knockdown efficiency for each target was analyzed using RT-qPCR or western blotting.
Measurement of secreted PTX3
After the specified treatment, the culture medium was isolated and stored at 280°C until analysis. PTX3 accumulation in conditioned medium was measured according to the manufacturer's instructions using a quantitative sandwich enzyme immunoassay Quantikine kit (R&D Systems). The inter-and intra-assay coefficient of variation for these assays was ,6%, and the detection limit of PTX3 ranged from 7 to 116 pg/mL. Each sample was measured in triplicate, and the secreted PTX levels were normalized to the total cellular protein content.
Statistical analysis
PRISM software (GraphPad Software, Inc., San Diego, CA) was used to perform one-way analysis of variance, followed by Tukey multiple comparison tests. The results are presented as the mean 6 standard error of the mean of at least three separate experiments performed on different cultures. Differences were considered statistically significant at P , 0.05.
Results

TGF-b1 downregulates PTX3 gene expression in SVOG, KGN, and primary hGL cells
To investigate the effect of TGF-b1 on the expression of PTX3 in human GCs, we used recombinant human TGF-b1 to treat the cells. As shown in Fig. 1A , PTX3 mRNA levels were substantially decreased after treatment with the increasing concentrations (1, 5, or 10 ng/mL) of TGF-b1 in SVOG cells. In addition, the time-course study showed that treatment with 10 ng/mL TGF-b1 decreased the PTX3 mRNA levels starting at 1 hour, and the suppressive effect persisted until 24 hours (Fig. 1B) . The suppressive effect of TGF-b1 on PTX3 protein accumulation was examined using an enzyme immunoassay. The results showed that treatment with increasing concentrations (1, 5, or 10 ng/mL) of TGF-b1 for 24 hours decreased PTX3 accumulation levels in SVOG cells in a concentration-dependent manner (Fig. 1C) . To further confirm these results, we used a positive control gene (StAR) and a negative control gene (CYP11A1), as previously reported (32) . The results showed that StAR mRNA levels were substantially decreased after treatment with increasing concentrations (1, 5, or 10 ng/mL) of TGF-b1 in SVOG cells (Fig. 1D) . However, treatment with increasing concentrations (1, 5, or 10 ng/mL) of TGF-b1 did not affect CYP11A1 mRNA levels (Fig. 1E) .
Likewise, the suppressive effects of TGF-b1 on the expression of PTX3 mRNA levels were confirmed in KGN granulosa tumor cells. As shown in Fig. 2A , treatment with (1, 5 , or 10 ng/mL) of TGF-b1, and PTX3 mRNA levels were examined using RT-qPCR. (B) SVOG cells were treated with 10 ng/mL TGF-b1 for 1, 3, 6, 12, or 24 hours, and PTX3 mRNA levels were examined using RT-qPCR. (C) SVOG cells were treated with vehicle control or different concentrations (1, 5, or 10 ng/mL) of TGF-b1, and PTX3 accumulation in conditioned medium was measured using an enzyme immunoassay. SVOG cells were treated for 24 hours with vehicle control or different concentrations (1, 5, or 10 ng/mL) of TGF-b1, and (D) mRNA levels of StAR (positive control) and (E) CYP11A1 (negative control) were examined using RT-qPCR. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05).
increasing concentrations (1, 5, or 10 ng/mL) of TGF-b1 for 24 hours decreased PTX3 mRNA levels in KGN cells in a concentration-dependent manner. The time-course study showed that treatment of KGN cells with 10 ng/mL TGF-b1 substantially decreased PTX3 mRNA levels starting at 3 hours, and the suppressive effect persisted until 24 hours (Fig. 2B) . Nonimmortalized primary hGL cells were used to further confirm the regulation of PTX3 by TGF-b1. Treatment of primary hGL cells for 24 hours with TGF-b1 (1, 10, or 100 ng/mL) substantially decreased PTX3 mRNA and PTX3 accumulation levels ( Fig. 2C and 2D ).
TGF-b1 downregulates expression of PTX3 via a TbRII/ALK5-mediated signaling pathway
TbRII is a membrane-bound serine/threonine kinase receptor that can bind to TGF-b1 and TGF-b3 with high affinity compared with binding to TGF-b2 (33) . rTbRII is a soluble TbRII that is capable of binding to TGF-b1 and TGF-b3 with sufficient affinity to act as an inhibitor at high concentrations (34) . To determine whether the TbRII is involved in TGF-b1-induced downregulation of PTX3 expression, rTbRII was used as a decoy receptor to compete with endogenous TbRII. As shown in Fig. 3A , application of 5 mg/mL rTbRII, preincubated with 10 ng/mL recombinant TGF-b1 at room temperature for 1 hour, completely abolished its inhibitory effects on PTX3 expression. To determine which TbRI is required for TGF-b1-induced downregulation of PTX3 expression, SVOG cells were treated with TGF-b1 in the presence or absence of 10 mM SB431542 (a specific inhibitor of ALK4/ 5/7) and 10 mM dorsomorphin dihydrochloride (a specific inhibitor of ALK2/3/6) (35, 36) . As shown in Fig. 3B , treatment of SVOG cells with SB431542 but not dorsomorphin dihydrochloride reversed the TGF-b1-induced downregulation of PTX3 expression. To further , and PTX3 mRNA levels were examined using RT-qPCR. (B) KGN cells were treated with 10 ng/mL TGF-b1 for 1, 3, 6, 12, or 24 hours, and PTX3 mRNA levels were examined using RT-qPCR. Primary hGL cells were treated for 24 hours with vehicle control or different concentrations (1, 5, or 10 ng/mL) of TGF-b1, and (C) PTX3 mRNA and (D) PTX3 accumulation levels were examined using RT-qPCR and an enzyme immunoassay, respectively. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05).
determine which ALKs mediate TGF-b1-induced downregulation of PTX3 expression, specific siRNAs were used to knockdown endogenous ALK4 or ALK5 in SVOG cells. As shown in Fig. 3C , transfection of SVOG cells with ALK4 or ALK5 siRNA substantially downregulated the mRNA levels of only the targeted ALK. To investigate the TGFb1-induced downstream signaling pathway, phosphorylation levels of SMAD2 and SMAD3 were examined using western blot analysis after TGF-b1 treatment for 45 minutes. As shown in Fig. 3D , TGF-b1 treatment substantially increased the phosphorylation levels of SMAD2 and SMAD3, and the knockdown of ALK5, but not ALK4, completely abolished the TGF-b1-induced increases in phosphorylation levels of SMAD2 and SMAD3. Only knockdown of ALK5 reversed the TGF-b1-induced downregulation of PTX3 expression. In contrast, Figure 3 . TGF-b1 downregulates the expression of PTX3 via a TbRII/ALK5-mediated signaling pathway in SVOG cells. (A) A total of 5 mg/mL rTbRII was preincubated with 10 ng/mL recombinant TGF-b1 at room temperature for 1 hour and was then added to SVOG cells for 24 hours. PTX3 mRNA levels were examined using RT-qPCR. (B) Cells were treated with 10 ng/mL TGF-b1 for 6 hours in the presence of vehicle control [dimethyl sulfoxide (DMSO)], 10 mM SB431542 or 10 mM dorsomorphin dihydrochloride. PTX3 mRNA levels were examined using RT-qPCR. (C) Cells were transfected with 25 nM siRNA [small interfering (si)Control, siALK4, or siALK5] for 24 or 48 hours, and the mRNA levels of ALK4 or ALK5 were examined using RT-qPCR. (D) Cells were transfected with siRNA (siControl, siALK4, or siALK5) for 48 hours and then treated with 10 ng/mL TGF-b1 for 45 minutes. Phosphorylation levels of SMAD2 and SMAD3 were examined using western blot analysis. (E) Cells were transfected with siRNA (siControl, siALK4, or siALK5) for 48 hours and then treated for an additional 6 hours with vehicle control or 10 ng/mL TGF-b1. PTX3 mRNA levels were examined using RT-qPCR. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05). C, control; P, phosphorylated; T, TGF-b1. downregulation of ALK4 had no effect (Fig. 3E ). These results demonstrate that TbRII and ALK5 type I receptor are the functional receptors that mediate the effect of TGF-b1 in suppressing PTX3 expression in SVOG cells.
SMAD2/3-SMAD4 signaling pathway is required for TGF-b1-induced downregulation of PTX3 expression in SVOG cells
Previous studies have demonstrated that SMAD2/3 and SMAD4 are canonical downstream mediators of TGFb1-induced cellular signaling in human GCs (32, 37) . To examine the functional roles of SMAD2 and SMAD3 in TGF-b1-induced downregulation of PTX3 expression, we treated SVOG cells with 10 ng/mL TGF-b1 after siRNAmediated knockdown of SMAD2, SMAD3, or SMAD2 and SMAD3 (concomitant knockdown). The knockdown efficiency of each SMAD (SMAD2, SMAD3, and SMAD2/3) was confirmed by RT-qPCR (Fig. 4A ) and western blot analysis (Fig. 4B) . Additionally, we examined the phosphorylation levels of SMAD2/3 during TGF-b1 treatment after SMAD2/3 knockdown. The results showed that the phosphorylation levels of SMAD2/3 were completely abolished after knockdown of SMAD2/3 (Fig. 4B) . Knockdown of SMAD2 alone or SMAD3 alone only partially reversed the downregulation of PTX3 induced by TGF-b1 (Fig. 4C) . However, concomitant knockdown of SMAD2 and SMAD3 totally reversed the suppressive effect induced by TGF-b1 (Fig. 4C) .
A similar approach was used to further confirm the role of SMAD signaling in TGF-b1-regulated PTX3 expression. We further treated SVOG cells with 10 ng/mL TGF-b1 after siRNA-mediated knockdown of the common SMAD, SMAD4 (knockdown efficiency was confirmed using RT-qPCR and western blot analysis; Fig. 5A and 5B). Depletion of SMAD4 reversed the suppressive effect on PTX3 expression induced by TGF-b1 (Fig. 5C ).
TGF-b1 upregulates expression of SNAIL in SVOG cells
The TGF-b superfamily of signaling molecules has been implicated in the upregulation of SNAIL and SLUG (38, 39) . To investigate whether TGF-b1 can upregulate SNAIL and SLUG in human GCs, we treated SVOG cells with TGF-b1, and the mRNA and protein levels of these two transcription factors were examined using RT-qPCR and western blot analysis, respectively. As shown in Fig. 6A and 6B, SNAIL mRNA and protein levels were substantially increased after treatment with increasing concentrations (1, 5, or 10 ng/mL) of TGF-b1 in SVOG cells. The time-course study showed that 10 ng/mL TGF-b1 substantially increased the levels of SNAIL mRNA (starting at 1 hour; Fig. 6C ) and protein (starting at 3 hours; Fig. 6D) in SVOG cells. However, TGF-b1 did not stimulate the expression of SLUG in SVOG cells (Fig. 6E-6G ).
TbRII/ALK5-mediated SMAD signaling is required for TGF-b1-induced upregulation of SNAIL expression in SVOG cells
Next, we used soluble recombinant receptors and both pharmacological and siRNA-based approaches to investigate the requirement of TGF-b receptors in the TGFb1-induced downregulation of SNAIL. As shown in Fig. 7A , preincubation with rTbRII totally abolished the upregulation of SNAIL induced by TGF-b1 in SVOG cells. Treatment with the ALK4/5/7 inhibitor SB431542 abolished the TGF-b1-induced increase in SNAIL mRNA (Fig. 7B) and protein (Fig. 7C) levels. In contrast, the ALK2/3/6 inhibitor dorsomorphin dihydrochloride did not have such effects. Additionally, knockdown of ALK5 but not ALK4 abolished the increases in SNAIL mRNA (Fig. 7D) and protein (Fig. 7E ) levels. Similarly, knockdown of either SMAD2 or SMAD3 attenuated the TGF-b1-induced increases in SNAIL mRNA (Fig. 7F) . Furthermore, knockdown of SMAD4 completely abolished the TGF-b1-induced increases in SNAIL mRNA (Fig. 7G) and protein (Fig. 7H ) levels. These results indicate that TbRII/ALK5-mediated SMAD signaling is required for TGF-b1-induced upregulation of SNAIL expression in SVOG cells.
SNAIL mediates TGF-b1-induced downregulation of PTX3 in SVOG cells
To investigate whether SNAIL mediates TGF-b1-induced downregulation of PTX3, a siRNA-based knockdown approach was used by transfecting SVOG cells with siRNA targeting SNAIL. The results were compatible with other siRNA-based studies that transfection of cells with SNAIL siRNA substantially reduced SNAIL mRNA (Fig. 8A) and protein (Fig. 8B) levels. Knockdown of SNAIL reversed the downregulation of PTX3 mRNA in response to TGF-b1 in SVOG cells (Fig. 8C) . Additionally, knockdown of SNAIL reversed the decrease in PTX3 accumulation in response to TGF-b1 in SVOG cells (Fig. 8D) .
Discussion
In the present study, we have, to the best of our knowledge, demonstrated for the first time that recombinant TGF-b1 downregulates the mRNA and protein expression of PTX3 in SVOG, KGN, and primary hGL cells. This finding might provide insight into the molecular regulation of PTX3 in human GCs. Throughout follicular development, GC differentiation, oocyte maturation, cumulus expansion, and ovulation are highly dependent on an orchestrated interaction between the oocyte and its surrounding follicle cells (40) . We have recently demonstrated that the intrafollicular growth factors derived from oocytes, theca, and GCs play critical roles in regulating various ovarian functions (40) . Previous studies have shown that the synthesis of the cumulus-oophorus complex and the gene expression of cumulus cells in this complex are highly correlated with the quality and developmental capacity of the corresponding oocyte (41) . Moreover, the degree of cumulus expansion has been used as a selection criterion to identify high-quality oocytes during in vitro fertilization treatment (42) . Most importantly, the expression levels of PTX3 in GCs are correlated with oocyte quality and fertilization rates (43) . Data from clinical studies have shown that TGF-b1 bioavailability is altered in women with PCOS during controlled ovarian stimulation (21). , SMAD2 siRNA (siSMAD2), SMAD3 siRNA (siSMAD3), or both SMAD2 siRNA and SMAD3 siRNA (siSMAD2+siSMAD3). The (A) mRNA or (B) phosphorylated (P) and total protein levels of SMAD2 and SMAD3 were examined using RT-qPCR and western blot analysis, respectively. (C) Cells were transfected for 48 hours with 25 nM siControl, siSMAD2, siSMAD3, or siSMAD2+siSMAD3 and treated with 10 ng/mL TGF-b1 for an additional 6 hours. PTX3 mRNA levels were examined using RT-qPCR. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05).
Together with our findings in GCs, the present data suggest that TGF-b1 downregulates PTX3 expression, which could lead to disrupted cumulus expansion and the subsequent ovulation dysfunction. Because TGF-b1-deficient mice die during development (44) , it would be of great interest to generate ovarian tissue-specific conditional TGF-b1 mutants or overexpression lines and examine their effects on ovarian function.
In normal physiological conditions, the morphological changes involved in proliferation and dispersion of cumulus cells are essential for ovulation, transport of the cumulus-oophorus complex in the fallopian tubes and successful in vivo fertilization (4) . In mice, oocyte-derived the bone morphogenetic protein (BMP)15 and growth differentiation factor (GDF)9 are key factors that upregulate several genes (Has2, Ptx3, and Ptgs2) in mouse GCs related to cumulus expansion and subsequently promote cumulus expansion (45) . Our previous studies demonstrated that theca cell-derived BMP4 and BMP7 and GC-derived GDF8 downregulated the expression and protein production of PTX3 in human GCs (1, 2) . Collectively, these studies indicate that oocyte-derived growth factors (mainly BMP15 and GDF9) promote cumulus expansion and maintain the cumulus cell phenotype. In contrast, theca cell-derived BMPs (BMP4 and BMP7), GC-derived GDF8 and TGF-b1 (which can be expressed in GCs and theca cells) decompose the structure of the extracellular matrix by downregulating PTX3 in neighboring mural GCs. These principle ovarian cells work together to facilitate separation of the cumulus-oophorus complex and mural GCs to subsequently achieve successful ovulation in the human ovary.
Given its potential role in the pathogenesis of ovulation dysfunction, a comprehensive understanding of the molecular mechanisms underlying cellular responses to TGF-b1 is essential for developing pharmacological strategies for clinical application. In the present study, Figure 5 . SMAD4-mediated signaling is required for TGF-b1-induced downregulation of PTX3 in SVOG cells. (A and B) Cells were transfected for 48 hours with 25 nM control siRNA (siControl) or SMAD4 siRNA (siSMAD4) and treated with 10 ng/mL TGF-b1 for an additional 6 hours. (A) mRNA and (B) protein levels of SMAD4 were examined using RT-qPCR and western blot analysis, respectively. (C) Cells were transfected for 48 hours with 25 nM siControl or siSMAD4 and were treated with 10 ng/mL TGF-b1 for an additional 6 hours. mRNA levels of PTX3 were examined using RT-qPCR. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05).
using a soluble TbRII (rTbRII) as a competitive inhibitor, we confirmed that the TbRII is required for TGF-b1-induced cellular action in human GCs. Additionally, using pharmacological inhibitors and specific siRNA-based approaches, we demonstrated that ALK5 is the specific TbRI that primarily determines the biological responses to TGF-b1 in human GCs. Furthermore, our SMAD knockdown experiments confirmed that SMAD2/3-SMAD4-dependent signaling is required for the TGF-b1-mediated effects on PTX3 in human GCs. Consistent with our previous studies, another TGF-b superfamily member GDF8 exerts the same suppressive effect on PTX expression via an ALK5-mediated SMAD2/3-SMAD4-dependent signaling in human GCs (1) . Our previous studies also demonstrated that BMP4 and BMP7 act to downregulate the expression of PTX3, an effect mediated by different subsets of type I Figure 6 . TGF-b1 upregulates SNAIL expression in SVOG cells. SVOG cells were treated for 24 hours with vehicle control or different concentrations (1, 5, or 10 ng/mL) of TGF-b1, and the (A) mRNA and (B) protein levels were examined using RT-qPCR and western blot analysis, respectively. (C) SVOG cells were treated with 10 ng/mL TGF-b1 for 1, 3, 6, 12, or 24 hours, and SNAIL mRNA levels were examined using RT-qPCR. (D) SVOG cells were treated with 10 ng/mL TGF-b1 for 3, 6, or 12 hours, and SNAIL protein levels were examined using western blot analysis. SVOG cells were treated for 24 hours with vehicle control or different concentrations (1, 5, or 10 ng/mL) of TGF-b1, and the (E) mRNA and (F) protein levels were examined using RT-qPCR and western blot analysis, respectively. (G) SVOG cells were treated with 10 ng/mL TGF-b1 for 3, 6, or 12 hours, and SLUG protein levels were examined using western blot analysis. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05).
receptors (ALK3/6 for BMP4 and ALK2/3 for BMP7) (2) . Moreover, these BMPs use SMAD1/5/8-SMAD4, but TGF-b1 uses SMAD2/3-SMAD4 as the downstream signaling transducer to regulate the expression of PTX3 in the same cells. These findings raise the question of whether the combined effect or heterodimers of TGF-b1 with other TGF-b superfamily members can initiate the formation of additional receptor complexes involving ALK2/3/5/6 and induce a synergistic or unique biological response in human ovarian follicle. . TbRII/ALK5-mediated SMAD signaling is required for TGF-b1-induced upregulation of SNAIL in SVOG cells. (A) A total of 5 mg/mL rTbRII was preincubated with 10 ng/mL TGF-b1 at room temperature for 1 hour and was then added to cells for 24 hours. SNAIL mRNA levels were examined using RT-qPCR. (B and C) Cells were treated with 10 ng/mL TGF-b1 for 24 hours in the presence of vehicle control [dimethyl sulfoxide (DMSO)], 10 mM SB431542 or 10 mM dorsomorphin dihydrochloride. SNAIL (B) mRNA and (C) protein levels were examined using RT-qPCR and western blot analysis, respectively. (D and E) Cells were transfected with siRNAs (siControl, siALK4, or siALK5) for 48 hours and then treated for 6 hours with vehicle control or 10 ng/mL TGF-b1. SNAIL (D) mRNA and (E) protein levels were examined using RT-qPCR and western blot analysis, respectively. (F) Cells were transfected for 48 hours with 25 nM control siRNA (siControl), SMAD2 siRNA (siSMAD2), SMAD3 siRNA (siSMAD3), or both SMAD2 siRNA and SMAD3 siRNA (siSMAD2+siSMAD3) and then treated with 10 ng/mL TGF-b1 for an additional 6 hours. SNAIL mRNA levels were examined using RT-qPCR. (G and H) Cells were transfected for 48 hours with 25 nM siControl or siSMAD4 and then treated with 10 ng/mL TGF-b1 for an additional 6 hours. SNAIL (G) mRNA and (H) protein levels were examined using RT-qPCR and western blot analysis, respectively. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05). C, control; Ctrl, Control; DM, dorsomorphin dihydrochloride; SB, SB431542; T, TGF-b1.
In the present study, we found that SNAIL but not SLUG is required for TGF-b1-induced downregulation of PTX3 by showing that depletion of SNAIL completely reversed this suppressive effect in human GCs. Members of the SNAIL domain family of zinc finger proteins are well-established to recognize the canonical E-box sequences, CANNTG basic helix-loop-helix motifs (46) . Previous studies have shown that several genes are regulated by TGF-b1-upregulated SNAIL via binding to the promoter sequences, CANNTG helix-loop-helix motifs (47, 48) . At least seven CANNTG-like motifs have been found at the promoter of the human PTX3 gene (GenBank™ accession no. X97748.1), indicating that the effect of SNAIL on PTX3 could be direct. We found that TGF-b1 upregulates the expression of SNAIL, which in turn downregulates the expression of PTX3 (most likely by binding to its promoter region), indicating that SNAIL might participate in the modulation of cumulus expansion during the periovulatory phase. Furthermore, our results suggest that SNAIL and SLUG might have distinct functional roles in human GCs during follicular development.
In conclusion, we have demonstrated that recombinant TGF-b1 upregulates the expression of the transcription factor SNAIL via a TbRII/ALK5-mediated SMAD2/3-SMAD4 signaling pathway. Upregulation of SNAIL but not SLUG further downregulated the expression of PTX3, a key component of the formation of cumulus expansion. These findings inform the physiological roles of TGF-b1 and SNAIL in regulating follicular Figure 8 . SNAIL mediates TGF-b1-induced downregulation of PTX3 in SVOG cells. (A and B) Cells were transfected for 48 hours with 25 nM control siRNA (siControl) or SNAIL siRNA (siSNAIL) and then treated with 10 ng/mL TGF-b1 for an additional 6 hours. SNAIL (A) mRNA and (B) protein levels were examined using RT-qPCR and western blot analysis, respectively. (C and D) Cells were transfected for 48 hours with 25 nM control siRNA (siControl) or SNAIL siRNA (siSNAIL) and then treated with 10 ng/mL TGF-b1 for an additional 6 hours. PTX3 (C) mRNA and (D) PTX3 accumulation levels were examined using RT-qPCR and an enzyme immunoassay, respectively. The results are expressed as the mean 6 standard error of the mean of at least three independent experiments; lowercase letters indicate statistically significant differences (P , 0.05).
function and might provide therapeutic targets for the treatment of ovulation dysfunction.
